Introduction
Many drugs, natural products and food compounds are chiral, with their enantiomers often depicting different or even opposing pharmacology, toxicity and metabolic activities. Chirality is a focus of pharmacology and analytical chemistry.
1 Among many chiral separation methods, chiral HPLC is an important method that is widely used in drugs, nature products and asymmetry synthesis and has been drawing more and more attention from the scientists. 2, 3 More than 200 chiral stationary phases (CSPs) have been commercialized over the past 30 years. In addition to the CSP itself, the mobile phase plays an important role as well.
Acidic and basic mobile phase additives have been widely used on the silica matrix CSPs to improve peak shape and increase resolution of chiral compounds. 4, 5 Okamoto et al. used diethylamine (DEA) to decrease peak tailing and improve separation of β-blockers on the cellulose triphenylcarbamate derivatives by HPLC. 6 Basic mobile phase additives have been used to enhance the chiral separation of underivatized phenylalanine analogs on a Chiralpak AD column. 7 Results indicated amines would increase retention of the second eluting enantiomer while decreasing the retention of the other enantiomer. Meanwhile, acidic additives have been employeded for the chiral separation of amines. 4, 8, 9 Further work conducted by Ye et al. 10 found that effects of acidic additives were related to pKa and additive molecular size. In recent studies DEA, ethanediamine (EDA) and trifluoroacetic acid (TFA) have been chosen to suppress the deleterious effect of residual free silanols on the silica surface and elute the acidic and basic solutes with improved peak symmetry, resolution and selectivity on Chiralpak IB 11 and Chiralpak IC. 12 However, the amount of mobile phase additives is rarely discussed in the research literature.
Cellulose tris(p-chlorophenylcarbamate) used as a chiral selector that was coated onto silica gel was reported by Okamoto et al. with the trademark of Chiralcel OF. 13 In this study, cellulose p-chlorophenylcarbamate was first chemically immobilized onto silica gel by Staudinger reaction. A systematic study of the effects of mobile phase additives on enantioselectivity and retention including influence of additive concentration on the CSP was conducted. Furthermore, a comparison of the CSP with Chiralcel OF was investigated.
In this study, 6-azido-2,3-di(p-chlorophenylcarbamoylated) cellulose was synthesized and bonded onto aminized silica gel to obtain a new chiral stationary phase. Enantioselectivity of the chiral stationary phase and Chiralcel OF suggested promising chiral separation ability of the new cellulose chiral stationary phase. In addition, the effect of trifluoroacetic acid, diethylamine on enantioselectivity and retention factors on the chiral stationary phase in high performance liquid chromatography was investigated. Experimental results revealed that resolution increased as the trifluoroacetic acid concentration increased to 0.3% while resolution declined as the diethylamine concentration increased. Therefore, the optimal concentrations of trifluoroacetic acid and diethylamine were determined to be 0.3 and 0.1%, respectively. In most cases, trifluoroacetic acid shortened the retention of the first eluted enantiomer while it increased the retention of the other. For acidic compounds, with the existence of diethylamine in the mobile phase, the retention of both enantiomers decreased. But for basic compounds, the retention of both enantiomers increased. comprised a Lib Alliance HPLC Series III system, a Lib Alliance Model 201 UV detector and a 7725i injector equipped with a 20 μL sample loop. The UV detector was set at 254 nm and the flow rate of the mobile phase was 1.0 mL/min. Samples of 10 μL were injected. All chromatographic experiments were carried out at room temperature. Figure 2 depicts the synthetic route to the CSP. Microcrystalline cellulose was functionalized with p-toluene sulfonylchloride in an N,N-dimethylacetamide/LiCl system to afford 6-tosyl-cellulose according to the reported method.
Preparation of the CSP
14 FTIR (cm -1 , KBr): 3524 (OH), 3066 (C-Harom), 1598, 1496, 1455 (C=Carom), 1367, 1176 (-SO2-), 1060 (C-O-C). Elemental analysis, found: C 49.85%, H 4.97%, S 10.39%. Degree of substitution was 1.06, which was calculated by using sulfur content. This indicated that almost all 6-OH and partial 2-OH or 3-OH of cellulose were converted to tosyl. The tosyl group served as a good leaving group and was displaced with azido when NaN3 was added in DMSO. Yield 91%; FTIR (cm -1 , KBr): 3468 (OH), 2891 (CH), 2108 (N3), 1060 (C-O-C). No peaks were found in the range from 1600 to 1400 cm -1 , indicating that all of the 6-tosyl was substituted by the azido group. Then the remaining hydroxyl groups were converted to p-chlorophenylcarbamates, yielding 6-azido-2, 
Results and Discussion
Acidic additives for chiral separations TFA and DEA were selected as additives in this study. Data obtained with TFA and DEA are listed in Table 1 .
Effect of TFA on the retention
The effect of TFA on the retention factors is demonstrated in Fig. 3(a) . It was found that the retention of the first eluted enantiomer decreased after incorporation of TFA, except in the case of compound 4, while the retention of the other enantiomer increased except for compound 5. This appears to be due to the minimization of the non-selective binding site, which would weaken the interaction between analytes and CSP, resulting in shorter retention. The differences between the effects of TFA on the two enantiomers might be partly attributabled to the steric interactions.
Effect of TFA on the resolution
Compounds 1 -3 and 5 have at least one acidic moiety. Total nonseparation was achieved without TFA in the mobile phase though they were eluted. After the addition of TFA, resolutions Fig. 1 Structures of the chiral compounds tested. Fig. 2 The synthetic route to the CSP. all improved. Compound 3 (tyrosine) is a good example and is depicted in Fig. 4(a) . As we know, amino acids are difficult to elute from the polysaccharide CSPs due to strong interactions between the highly polar moieties of the amino acids and the CSP. 10 After incorporation of TFA into the mobile phase, the acidic additive could occupy the interaction sites with the residual silanols, which decreases the retention of solutes. On the other hand, TFA could also interact with the amino acids and suppress the ionization of the acidic group and silanol, which indirectly hinders the interaction between the amino acids and the CSP. Therefore, When the mobile phase was adjusted from methanol-H2O (70:30, v/v) to methanol-H2O-TFA (70:30:0.1, v/v/v), tyrosine could be base-line resolved (Rs = 2.39).
Chiral separation of compound 4 shown in Fig. 4(b) indicated that the addition of acidic additives into the mobile phase also helped to separate the basic analytes in some cases. This is probably because TFA would promotes ionization of the secondary amine group of the CSP, which alters the interaction between the CSP and analyte.
The relationship between the TFA concentration and the resolution is depicted in Fig. 5(a) . As illustrated in the figure, the resolution climbed as the TFA concentration increased to 0.3%, but then slightly decreased when the TFA concentration exceeded 0.3%. As such, we determined that the most appropriate TFA concentration was 0.3%. This was possibly because 0.3% of TFA was saturated to interact with the CSP and the analyte. Whereas, excess TFA would prevent the analyte from interacting with the CSP resulting in decreased resolution.
Basic additives for chiral separations Effect of DEA on the retention
Effect of DEA on the retention factors are summarized in Fig. 3(b) . Obviously, the retention of both enantiomers of compounds 5, 7 and 8, which were acidic racemates, was shortened with the presence of DEA in the mobile phase except for the second enantiomer of compound 7, which is in line with the hypothesis raised in the Effect of DEA on the resolution section. That is to say, if DEA acts by disrupting the H-bonding involved in analytes and CSP, H-bonding should weaken, which results in shortening the retention times. However, for basic compounds, compounds 6 and 9, the retention of both peaks was strengthened when they were eluted by the mobile phase containing 0.1% DEA. This phenomenon may be due to the suppression of ionization of the basic groups by DEA. Accordingly, stronger H-bonding forms easily between the primary amine group and CSP.
Effect of DEA on the resolution
Compounds 5 -9 in Table 1 are examples of successful separation with the aid of DEA. As for compound 5 depicted in Fig. 6(a) , a total separation (Rs = 1.88) was achieved with 0.1% DEA incorporated into the mobile phase, but only partial separation (Rs = 0.51) with the aid of 0.1% TFA. In addition, the tailing of the peaks were much improved. For acidic compounds (compounds 5, 7 and 8), which have carboxyl in their structures, efficient separation may be attributed to two possible mechanisms: (1) DEA may disrupt the H-bonding between the analytes and the CSP, which is benificial to chiral separation; and (2) DEA may form an "ion pair" complex with the analytes that may show different selectivity in interacting with the CSP.
Compounds 6 and 9, which embody primary amine groups in their structures, were also base-line separated with the existence of DEA in the mobile phase. The relationship between DEA concentration and the resolution is illustrated in Fig. 5(b) . As is shown in Fig. 6(b) , resolution of compound 9 was improved by changing the mobile phase from hexane-IPA-ethanol (70:15:15, v/v/v) to hexane-IPA-ethanol-DEA (70:15:15:0.1, v/v/v/v). Moreover, peak tailing was minimized especially for the second peak. To our surprise, resolution decreased as DEA concentration increased and declined very slightly when DEA concentration exceeded 0.7% as shown in Fig. 5(b) . Resolution was 1.14 at 0.4% which was only slightly higher than that obtained without DEA (Rs = 1.11). DEA improves enantioselectivity only when the amount of DEA is less than 0.4%, and 0.1% might be enough to improve resolution.
To our best knowledge, DEA may act in two ways. On the one hand, DEA may suppress ionization of the amine group of basic racemates and secondary amine of the CSP, which helps to afford interaction sites; on the other hand, DEA could also interact with residual silanols due to weak acidity of silanols, which reduces H-bonding sites, instead. According to the results, the former factor is dominant over the latter when DEA concentration is below 0.4%, while the latter is the major factor when DEA concentration is 0.4% or larger.
Comparison of the CSP with Chiralcel OF
Six compounds were tested on the new CSP and Chiralcel OF, a commercialized coating-type CSP which has a similar chiral selector as the immobilized. The results are listed in Table 2 and representative chromatograms are shown in Fig. 7 .
As the two CSPs have a similar chiral selector, some similar chromatographic behaviors were found among the two CSPs. Compounds 5, 10 and 11 were successfully separated using the same mobile phase on both CSPs. Meanwhile, obvious differences were discovered. Compounds 6, 8 and 9 could not be separated under the same mobile phase conditions on the two CSPs. In addition, Rs derived from the bonding CSP were larger than that obtained on Chiralcel OF for compounds 5, 10 and 11. Judging from the CSP structures, urea linkage, which acts as a space arm between cellulose derivative and aminized silica gel, likely changes the secondary structure of the chiral selector. This microstructure difference seems to be the main cause of the different chromatographic behavior.
Conclusions
In summary, a novel bonding-type cellulose CSP was prepared using 6-azido-2,3-di(p-chlorophenylcarbamoylated) cellulose as its selector. Effects of TFA and DEA on resolution and retention especially for acidic and basic racemates on the CSP were investigated. A comparison of the CSP with Chiralcel OF was also studied.
The data indicated that TFA and DEA were often beneficial to enantioseparation on the bonding-type cellulose CSP. The 
